The membrane potential, arising from uneven distribution of ions across cell membranes containing selectively permeable ion channels, is of fundamental importance to cell signaling. The necessity of maintaining the membrane potential may be appreciated by expressing Ohm's law as I = V/R, and recognizing that no current flows when V = 0 i.e. transmembrane voltage gradients, created by uneven trans-membrane ion concentrations, are an absolute requirement for generation of currents that precipitate the action-and synaptic potentials that consume over 80% of the brain's energy budget, and underlie the electrical activity that defines 
The membrane potential, arising from uneven distribution of ions across cell membranes containing selectively permeable ion channels, is of fundamental importance to cell signaling. The necessity of maintaining the membrane potential may be appreciated by expressing Ohm's law as I = V/R, and recognizing that no current flows when V = 0 i.e. transmembrane voltage gradients, created by uneven trans-membrane ion concentrations, are an absolute requirement for generation of currents that precipitate the action-and synaptic potentials that consume over 80% of the brain's energy budget, and underlie the electrical activity that defines brain function. The concept of the equilibrium potential is vital to understanding the origins of the membrane potential. The equilibrium potential defines a potential at which there is no net trans-membrane ion flux, where the work created by the concentration gradient is balanced by the trans-membrane voltage difference, and derives from a relationship describing the work done by the diffusion of ions down a concentration gradient. The Nernst equation predicts the equilibrium potential, and as such is fundamental to understanding the interplay between transmembrane ion concentrations and equilibrium potentials. Logarithmic transformation of the ratio of internal and external ion concentrations lies at the heart of the Nernst equation, but most undergraduate neuroscience students have little understanding of the logarithmic function. To compound this no current undergraduate neuroscience textbooks describe the effect of logarithmic transformation in appreciable detail, leaving the majority of students with little insight into how ion concentrations determine, or how ion perturbations alter, the membrane potential.
Background

3
The concept of the equilibrium potential, also called the reversal potential, and the role that it plays in determining the membrane potential is of fundamental importance to understanding neural excitability (in this paper Em denotes membrane potential, E rev denotes a general description of the equilibrium/reversal potential, and E K etc. denote the equilibrium potential for a particular ion). The Nernst equation, which determines E rev , can estimate the Em in astrocytes, a glial cell subtype whose cell membrane is exclusively permeable to K + (23) . The Goldman Hodgkin Katz voltage equation, an expansion of the Nernst equation that was developed in order to estimate the permeability changes that underlie the action potential (14) , also functions to estimate the Em of cells permeable to more than one ion (12) .
Students who fail to grasp the Nernst equation are at a disadvantage, as they are inclined to learn rather than understand. The limitations of such a strategy may be readily appreciated by realizing that Em is not a static
property, but varies in response to such processes as synaptic input and action potential generation. For example, students should intuitively be able to deduce the effects of altering the trans-membrane concentrations of Na + , K + or Cl -on E rev or Em, and appreciate that in circumstances where
Em ≠ E K , that K + moves across the membrane in the direction that restores
Em towards E K . However students struggle to master the concept of how selectively permeable ion channels in the cell membrane combined with trans-membrane ion gradients lead to a trans-membrane potential difference, an issue that has been recognized (27) and repeatedly addressed (7, 17, 26, 33 
An accessible derivation of the Nernst equation can be found in Bertil
Hille's classic textbook (12) .
This paper deals with the practical component, the mathematical operations required to solve the Nernst equation, and may be viewed as a companion piece to the conceptual description (6).
In describing E rev most neuroscience textbooks deliver contrived scenarios based on even concentrations of ions dispersed across a membrane that suddenly becomes selectively permeable to a particular ion (3), or describe existing uneven ion distributions (15) , with no explanation as to how such a situation arose. These artificial descriptions deprive the student of the 
Description of the logarithmic function
Detailed accounts of the development and implementation of the logarithmic function by Napier in 1614 can be found in the following reviews (4, 5, 13, 19, 31) .
For our purposes the following definitions will suffice.
If c x = a then log c a = x (6) i.e. the logarithm, to the base c (where c ≠ 1), of a, is x.
The 1 st Law of Logarithms (2) may be expressed as log c ab = log c a + log c b (7) In addition, the 2 nd Law of Logarithms, whose derivation can be found
elsewhere (2), is also fundamental in helping us to understand the effect of clarifies the conversion of a number to log 10 since the characteristic can be deduced from Fig 1A as 
Logarithmic graphing
In disciplines related to neuroscience, such as physiology and pharmacology, students will frequently encounter data plotted on logarithmic scales, with an understanding of such plotting required in order to comprehend the underlying scientific principles (22) . This is (14) . Plotting data on a log 10 scale clarifies the logarithmic relationship, since on a linear scale moving a fixed distance along the axis moves the data along the axis by adding that fixed amount, whereas on a logarithmic scale moving a fixed distance involves multiplication by a fixed factor. Thus, the major ticks on a log scale increase by orders of magnitude when base 10 is used, such that the major ticks progress in the following sequence: 1, 10, 100, 1,000 i.e. each major increment is 10 times larger that the previous value, and the distances between 1 and 10, and 10 and 100, are equal. This is illustrated by Fig 1Cb) . The value of 60 can be calculated by adding the distance between 10 to 30 (i.e. multiplication by 3) and 30 to 60 (multiplication by 2, Fig 1Cc) , and finally the position of 50 on the axis can be deduced by dividing 100 by 2 i.e. expressing log 10 50 as log 10 (100/2) and using the 2 nd Law of Logarithms to expand the expression, ultimately subtracting the distance between 10 to 20 from 100 (i.e. 2 -0.301 = 1.699, Fig 2Cd) . The conversion of multiplication into the movement of fixed distances along an axis is the basis of slide rule operation (29) . 
Stimulus induced changes in Em: individual stimuli
The effect of axon impulses on the Em of glial cells was investigated by stimulating the intact nerve with 10 pulses at a frequency of 10 Hz, while recording the Em of glial cells with sharp electrodes (Fig 4 of 20 (Fig 6 of 14) .
In Necturus nerves bathed in 4. in the interstitial fluid, from the Em calculated as previously described (Equation 9). (21) Note that the lower the [K + ] o , and hence the more hyperpolarised the Em, the greater the amplitude of the stimulus-induced depolarisation (Fig 3B) .
Stimulus induced changes in Em: sequential stimuli
In subsequent experiments Kuffler measured the Em of the Necturus optic nerve glial cells in response to a train of 9 stimuli at a frequency of 10 Hz, 
increases)." (24).
Workshops
In our interactions with students entering the 1 st year Neuroscience undergraduate course at the University of Nottingham it has become apparent that they are unprepared for the rigours of the types of calculations using logarithmic transformation illustrated in this paper, despite the fact that many of these students possess A level passes in
Maths. This is particularly concerning as the A level syllabus has the following goals regarding logarithms (10). The most likely explanation for students' deficits in understanding logarithms is the perceived redundancy of the subject in the age of desktop computers/calculators/smartphones, which can easily carry out logarithmic transformation without the need to understand or navigate log tables, which only a generation ago was an absolute requirement for all students. In informal conversations with students logarithms were viewed as antiquated and irrelevant reinforcing the impression that most students regarded Maths as a difficult and inaccessible subject.
In order to reacquaint 2 nd year Neuroscience students with the logarithmic function we carried out revision workshops designed to identify deficiencies in students' knowledge, followed by a 2-hour workshop that no calculators were allowed and students were not forewarned about the test. The test was carried out anonymously to protect student privacy.
Students were asked to write on the front of the test paper their mathematical qualifications and grade (e.g. B grade at A level). Sixty-five students contributed, and of those students 21 had passes at A level Maths whereas the other 44 had achieved a GCSE in Maths, a lower qualification (for a description of the A level system in England see (11)). Figure 4A shows the performance of students either possessing or lacking A level (Fig 4B) showed a considerable improvement (p < 0.0001; Wilcoxon's matched pairs single ranked test). The data collected in the first workshop determined the extent of the problem that confronts students. Academic staff that were taught logarithms expect present day students to possess an equivalent degree of understanding, but this is not the case. In circumstances such as these students are reluctant to admit to such gaps in knowledge, and thus these deficits are not remedied. The workshop described in this paper, or equivalent variations, appear an effective means by which to address this issue.
The objective of this workshop was to determine if students understood the logarithmic transformation by applying the rules described in this paper.
These results strongly suggest that no assumption of competency in logarithms can be made in incoming undergraduate Life Sciences students in the UK, the possession of A level Maths no indicator of understanding in the subject. Students clearly benefit from remedial workshops that reinforce basic logarithmic descriptions and calculations. This is likely due to the fact that in the workshop we reinforced the role of the logarithm as integral to key processes (logarithmic transformation underlies the graphing of dose-response relationships that are ubiquitous in pharmacology, pH and Nernst equation calculations relating to membrane potentials) that must be mastered by students wishing to prosper in a Life Sciences degree. We would thus recommend a revision session is given to all incoming undergraduate Life Sciences students entering UK universities on topics contained in this paper to bring all students to an equivalent level of understanding.
Discussion
Examination of classic physiology textbooks shows an attention to detail with regard to elementary physico-chemical relationships that has not survived into the 21 st century. It could reasonably be argued that the 45 pages devoted by J Walter Woodbury (32) to the genesis of the membrane potential is excessive, but in his defence all the information that an undergraduate is ever likely to need on the subject is present and can be skipped by the disinterested student, whereas to omit such information leaves the student in a state of ignorance. The general level of knowledge assumed by authors of previous generations with regard to the reversal/membrane potential can be appreciated when considering statements such as "the reversed potential difference which could be obtained by a mechanism of this kind might be as great as 60 mV, in a nerve with an internal sodium concentration equal to one tenth that of the outside (14)" and "As would be expected … equilibrium potentials change sign if the charge of the ion is reversed or if the direction of the gradient is reversed, and they fall to zero when there is no gradient (12)".
The omission of the rules of physics and physical chemistry that govern physiological processes in current textbooks is compounded by recent advances in technology that have rendered the requirements to understand the logarithmic function obsolete for everyday purposes. However these technical advances have come at a cost, namely an ill-conceived acceptance of redundancy of aspects of mathematics that are vital to students' understanding of fundamental physiological principles. In this paper we have identified deficits in student understanding of the logarithmic function, which were remedied with a revision workshop, covering the contents of this paper. We sought to impress upon students the benefits of mastering the logarithmic function, and reference two classic papers, whose conclusions can only be fully appreciated if the application of the logarithmic function in the Nernst equation to membrane potential calculations is fully understood.
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